Receptor organization and dynamics at the cell membrane are important factors of signal transduction regulation. Using superresolution microscopy and single-particle tracking, we show how the negative coreceptor CD22 works with the cortical cytoskeleton in restraining BCR signalling. In naïve B cells, we found endogenous CD22 to be highly mobile and organized into nanodomains. The landscape of CD22 and its lateral diffusion were perturbed either in the absence of CD45 or when the CD22 lectin domain was mutated. To understand how a relatively low number of CD22 molecules can keep BCR signalling in check, we generated Brownian dynamic simulations and supported them with ex vivo experiments. This combined approach suggests that the inhibitory function of CD22 is influenced by its nanoscale organization and is ensured by its fast diffusion enabling a "global BCR surveillance" at the plasma membrane.
Introduction
The B-cell receptor (BCR) is essential for the development, survival and effector functions of B lymphocytes. In naïve B cells, the BCR complex comprises the surface-bound immunoglobulin M (IgM) or IgD, and the non-covalently associated Iga/b sheath, containing the immunoreceptor tyrosine-based activation motifs (ITAM) responsible for intracellular signal transduction (Reth, 1989; Weiss & Littman, 1994; Kurosaki, 2002) . Signalling through the BCR in vivo is triggered by cognate binding of antigen displayed on the surface of presenting cells, leading to the elevation of intracellular calcium levels and subsequent B-cell activation to form antibody-secreting plasma cells and long-lasting memory cells (Rajewsky, 1996) . In experimental systems in vitro, BCR signalling is commonly induced by receptor engagement using cross-linking antibodies. More recently, actin cytoskeleton disruption alone has been shown to be sufficient to induce a robust BCR signalling, implying a fundamental role for the cytoskeleton network in the control of constitutive (tonic) BCR signalling (Treanor et al, 2010) .
Strict regulation of BCR signalling is vital to maintain appropriate B-cell responses to potentially pathogenic invaders while preventing the spurious activation associated with autoimmunity. There are a large family of inhibitory coreceptors classically known to downregulate signalling through the BCR; probably the best characterized of these is CD22 (Nitschke, 2005) . The intracellular domain of CD22 contains three immune-receptor tyrosine-based inhibitory motifs (ITIMs), phosphorylation of which is enhanced after BCR crosslinking leading to the direct recruitment of SH2-domain-containing phosphatase-1 (SHP-1) (Schulte et al, 1992; Leprince et al, 1993; Peaker & Neuberger, 1993; Doody et al, 1995) , as well as the inositol phosphatase SHIP via the adaptors Grb2 and Shc (Poe et al, 2000; Otipoby et al, 2001) . Moreover, it has been observed that CD22 can also form complexes with Syk and PLCc1 . This suggests that CD22 is able to transmit both negative and positive regulatory signals, although this multivalent activity remains debatable. The global inhibition of phosphatase activity by treatment with pervanadate results in an increase in BCR-dependent phosphorylation events, suggesting that phosphatases counterbalance the effects of activating kinases and participate in constitutive signalling through the BCR (Cyster & Goodnow, 1995; Wienands et al, 1996) . In line with this, B cells isolated from CD22-deficient mice exhibit enhanced calcium signalling following BCR crosslinking, providing a potential explanation for the spontaneous autoimmunity displayed by these mice (O'Keefe et al, 1996 (O'Keefe et al, , 1999 Otipoby et al, 1996; Sato et al, 1996; Nitschke et al, 1997) . The extracellular domain of CD22 contains seven Ig-like domains, the N-terminal domain of which is responsible for the specific recognition of sialic acid-abundantly displayed on many glycoproteins (Powell et al, 1993; van der Merwe et al, 1996) . It is generally accepted that the ligand-binding site of CD22 is usually masked by sialic acid expressed in cis on resting B cells (Razi & Varki, 1998; Jin et al, 2002; Kelm et al, 2002) , but it can be unmasked when the ligand is presented in trans by neighbouring cells (Lanoue et al, 2002; Danzer et al, 2003; Collins et al, 2004) . Despite several studies on the matter (Hanasaki et al, 1995; Adachi et al, 2012) , the identity of the physiological ligand for the sialic acid-binding domain of CD22 remains unclear. Reduced calcium signalling in response to BCR cross-linking is seen when B cells are either deficient in the enzyme responsible for generating sialylated ligands (ST6GalI) (Hennet et al, 1998; Collins et al, 2002 Collins et al, , 2006 Grewal et al, 2006) or express CD22 with a mutated lectin domain (Mü ller et al, 2013) . These findings suggest that the binding of sialic acid can modulate the capacity of CD22 to inhibit BCR signalling (Poe et al, 2004; Jellusova & Nitschke, 2012) ; however, the molecular mechanisms that link CD22 sialic acid-binding activity to its inhibitory role are not yet known.
Visualizing the molecular landscape of receptors on the cell surface has provided new insights into the mechanisms by which the functions of these receptors can be regulated. In particular, small clusters of FceRI and Lyn have been found on the membranes of unstimulated mast cells (Wilson et al, 2000) and it has been suggested that the BCR (Schamel & Reth, 2000) and TCR exist in oligomeric structures (Schamel et al, 2005) . In line with the concept of "protein islands" (Lillemeier et al, 2006 (Lillemeier et al, , 2010 , pre-existing clusters of BCRs and CD19 have been visualized on the surface of primary naïve B cells (Mattila et al, 2013) . Somewhat surprisingly, BCR signalling does not require a global reorganization of receptors, but depends instead on the lateral mobility and compartmentalization on the nanoscale of both the BCR and the positive coreceptor CD19. Oligomer formation can be promoted on the Cl4 domain of the BCR (Tolar et al, 2009) . The concept of lateral diffusion and receptor proximity might explain why fluorescence resonance energy transfer failed to detect interaction between Iga and Igb (Tolar et al, 2005) .
Much of our current understanding of the role of CD22 in dampening BCR signalling is based on biochemical analyses, and little is known about the dynamics and organization of this receptor in the membrane of primary naïve B cells. Here, we demonstrate a joint action between CD22 and the actin cytoskeleton to restrain BCR signalling. By super-resolution microscopy, we show that endogenous CD22 exists in preformed nanoclusters on the membrane of primary naïve B cells. We found that CD22 organization is dependent on the ability of CD22 to bind sialic acid and is influenced by the presence of the glycoprotein CD45. Moreover, by single-particle tracking and the combined use of computational and transgenic models, we suggest that the activity of the siglec CD22 in restraining BCR signalling is linked to its membrane dynamics. These findings not only broaden our perspective of CD22 as a crucial regulator of B-cell activation, but also highlight the regulatory role of the sialylation network in controlling both ligand-dependent activation and "tonic" BCR signalling that is necessary for B-cell survival.
Results

BCR signalling triggered by cytoskeleton disruption is restrained by CD22
In resting naïve B cells, disruption of the actin cytoskeleton triggers BCR-mediated signalling events such as intracellular calcium mobilization and activation of ERK and Akt in a manner reminiscent of antigen-induced B-cell activation (Treanor et al, 2010) . However, the early molecular events initiated by this mode of BCR signalling and how these events might also be regulated by the organization and dynamics of inhibitory coreceptors in the B-cell membrane have not yet been explored.
Initially, to characterize the early molecular requirements for BCR-mediated signalling in response to actin cytoskeleton disruption, primary naïve B cells were treated with the Src-family kinase (SFK) inhibitor PP2 and the Syk-inhibitor BAY 61-3606. We observed that when either SFK or Syk activity was blocked, B cells did not exhibit an increase in cytoplasmic calcium following the inhibition of actin polymerization by latrunculin A (LatA) (Fig 1A) . This requirement for SFK and Syk is in line with that observed for BCR signalling in response to a cross-linking antibody ( Fig 1A) . To further analyse proximal signalling at the level of SFKs, we used Western blotting to assess the phosphorylation status of the C-terminal inhibitory tyrosine of Lyn (Y507) upon stimulation with anti-kappa antibody and LatA. We observed that Lyn phosphorylation was increased after 1 min of anti-kappa stimulation and was higher still at 15 min, whereas a similar increase was detected only at 15 min upon cytoskeleton disruption (Fig 1B) .
We therefore went on to investigate whether the propagation of BCR signalling from Syk in response to LatA results in the activation of the downstream pathway in the same way as it does following BCR cross-linking. To do this, the phosphorylation kinetics of signalling molecules including Syk, CD19 and PLCc2 were assessed by Western blotting after stimulation of primary naïve B cells with either BCR cross-linking antibody or LatA. We observed that for B cells stimulated with anti-kappa, phosphorylation peaked at 5 min for Syk and CD19 and at 15 min for PLCc2 (Fig 1C-F) , while a slightly faster (1 min) phosphorylation was observed after treating B cells with LatA. Although lower phosphorylation levels of Syk, CD19 and PLCc2 were observed in the cells treated with LatA, it was clear from the phosphorylation of Akt and ERK that the intracellular signal was as effectively transmitted by this treatment as it was in response to BCR cross-linking antibody (Fig 1C and D) .
In response to antigen stimulation, the inhibitory coreceptor CD22 plays a critical role in regulating the extent of B-cell activation through the recruitment of the SHP-1 phosphatase (Doody et al, 1995) . To investigate whether CD22 plays a similar role in controlling BCR-mediated signalling following cytoskeleton disruption, we examined the extent of CD22 and SHP-1 activation in primary naïve B cells in response to LatA. We observed that both CD22 and SHP-1 were rapidly phosphorylated after treatment with LatA (Fig 1G and  H) . The activation kinetics of CD22 and SHP-1 resembled those observed in response to BCR cross-linking, supporting the concept that this inhibitory pathway participates in the regulation of B-cell tonic signalling.
To formally establish this, we took advantage of mouse models that either completely lack CD22 expression (Cd22 (Fig EV1A-C) . Taken together, it appears that the molecular events of BCR signalling are similar, regardless of whether the activation is triggered by BCR cross-linking or by cytoskeleton disruption. However, it is an important distinction that BCR cross-linking appears to be more effective at inducing early tyrosine phosphorylation than cytoskeleton disruption stimulation. Furthermore, we established that the joint action of CD22 and the cortical cytoskeleton negatively regulates B-cell activation.
CD22 is highly clustered on the surface of resting primary B cells
Previously, it has been shown that the organization of receptors in the B-cell membrane plays an important role in mediating BCR signalling and subsequent cell activation (Mattila et al, 2013) . In view of this, and of the participation of inhibitory players in BCR signalling after cytoskeleton disruption, we investigated the molecular organization of CD22 in the B-cell membrane. Firstly, we used a bead-based counting assay to establish the number of CD22 molecules present on the surface of naïve splenic B cells (Mattila et al, 2013) . This approach revealed that there are around 65,000 molecules of CD22 on the surface of B cells, which translates into a density of 410 molecules per lm 2 (Fig 2A) . The expression of CD22
is therefore comparable to that of CD19 and IgM, which are expressed at 88,000 and 40,000 molecules per cell, respectively, but considerably lower than IgD, which is expressed at 286,000 molecules per cell (Fig 2A) . Importantly, the measured levels of expression led us to estimate that these four transmembrane molecules occupy more than 10% of the B-cell surface area. We then simultaneously visualized CD22 with IgM, IgD or CD19 in primary B cells using dual-colour structured illumination microscopy (SIM) (Gustafsson et al, 2008) . This novel technology surpasses the resolution limit of far-field light microscopy by using spatially varying illumination. It allows the organization of membrane receptors on the cell surface to be visualized with a higher resolving power and better contrast than, for example confocal microscopy. To this end, primary B cells were first fixed, simultaneously labelled for CD22 with IgM, IgD or CD19 and then settled on coverslips for imaging as described in the methods. Visual inspection of the dual-colour images revealed that in resting B cells, IgM, IgD, CD22 and CD19 exist in preformed but distinct islands, which sometimes colocalized (Fig 2B) . To quantify the extent of colocalization between the different islands, we used cross-correlation analysis (Sengupta et al, 2011) . In our analysis, a maximum correlation score of 1 is expected for perfect colocalization, while a score of 0 or a slightly negative value indicates a random position between the islands (Fig 2C and D) . The correlation value observed for CD22 with either IgM or IgD was of 0.39 or 0.42, respectively, indicating that they are not perfectly overlapping, but instead have partial colocalization. Indeed, a much higher value of 0.70 was observed when an IgM/IgM staining was quantified as a positive control. A lower value of 0.27 was measured for CD22 and CD19, suggesting that these two coreceptors are colocalizing to a lesser degree (Fig 2C and D) . Together, these data indicate that IgM, IgD, CD22 and CD19 all exist in discrete islands. In particular, CD22 appears to be in a closer association with BCR molecules than with CD19. 
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Wild-type primary B cells were treated with 5 lg/ml of anti-kappa antibody (a-k chain, top) or 1 lM latrunculin A (LatA, bottom). Intracellular calcium flux was measured by flow cytometry in the presence of 10 lM Src-inhibitor (PP2), 1 lM Syk-inhibitor (BAY 61-3606) or vehicle control. B Wild-type primary B cells were treated with vehicle control (À), 5 lg/ml anti-kappa antibody or 1 lM LatA for the indicated time. Cells were lysed and analysed by SDS-PAGE followed by immunoblotting with phospho-Lyn (Y507) and actin as a loading control. The intensity of phosphorylated proteins, normalized to actin, was referred to the respective unstimulated sample, set as 1. C, D Wild-type primary B cells were treated with vehicle control (À), 5 lg/ml anti-kappa antibody or 1 lM LatA for the indicated time. Cells were lysed and analysed by SDS-PAGE followed by immunoblotting with phospho-Syk (p-Syk), phospho-CD19 (p-CD19), phospho-Akt (p-Akt), phospho-ERK (p-ERK) and total ERK as a loading control. The intensity of phosphorylated proteins, normalized to ERK, was referred to the respective unstimulated sample, set as 1. E, F Wild-type primary B cells were treated with vehicle control (À), 5 lg/ml anti-kappa antibody or 1 lM LatA for the indicated time. Cells were lysed and analysed by SDS-PAGE followed by immunoblotting with phospho-PLCc2 (p-PLCc2) and total ERK as a loading control. The intensity of phosphorylated proteins, normalized to ERK, was referred to the respective unstimulated sample, set as 1. G, H Wild-type primary B cells were treated with vehicle control (À), 5 lg/ml anti-kappa antibody or 1 lM LatA for the indicated time. Cells were lysed and analysed by SDS-PAGE followed by immunoblotting with phospho-CD22 (p-CD22), phospho-SHP1 (p-SHP1), and CD22 or total ERK as loading controls. The EMBO Journal CD22 organization and dynamics restrain BCR signalling Francesca Gasparrini et al
We next wanted to learn more about the organization of CD22, IgM, IgD and CD19 at the B-cell surface. Our initial attempts to derive radius values of the different receptor islands from our SIM images were limited by the resolution (Fig 2E) . To achieve higher localization precision, we examined the organization of CD22 in primary B cells using direct stochastic optical reconstruction microscopy (dSTORM), which achieves a localization precision of 10-30 nm (Heilemann et al, 2008) . Primary B cells were labelled with an antibody against CD22 conjugated with the Alexa 647 fluorophore and settled under non-stimulatory conditions on anti-major histocompatibility complex class II (MHCII)-coated coverslips. After fixation, these cells were imaged using total internal reflection fluorescence microscopy (TIRFM). The premise of dSTORM relies on transferring all the Alexa 647 fluorophores into a metastable "dark" state, from which only small subsets are stochastically reactivated by continuous low-intensity illumination, imaged and localized with 10-to 30-nm precision over 3,000-8,000 cycles. The rendered 2D images revealed that in resting B cells, CD22 exists in preformed nanoclusters, similar to those observed for CD19, IgD and IgM (Fig 3A) . To quantify the extent to which CD22 tends to cluster, we used two approaches, one using the Hopkins index and the other using the H function (Zhang et al, 2006) . The Hopkins index scores the extent to which the distribution of receptors on the cell surface is completely random (score of 0.5) or completely non-random (score of 1.0). We found that CD22 had a Hopkins index of 0.81, indicating that CD22 is not randomly distributed in the resting B-cell membrane. Interestingly, the Hopkins index for CD22 is similar to that observed for IgD, suggesting that this inhibitory coreceptor, like IgD, is more likely to exist in a clustered state than either IgM or CD19 (Fig 3B) . Secondly, we used the H function derived from Ripley's K function which quantifies the extent of receptor clustering by examining the number of molecules found within increasing distances of each individual molecule compared with that predicted for a random distribution. The position of the peak of the H function is the readout for the approximate size of an average cluster and the height of the peak is an estimate for the average density of molecules in the cluster. In this case, we found that CD22 clusters have a radius of aggregation of around 100 nm (Fig 3C) . This indicates that, similar to IgD, IgM and CD19, CD22 is predominantly located in preformed nanoscale clusters in the resting B-cell membrane. Thus, it appears that, as a general rule, cell surface receptors that play an important role in BCR signalling are organized into nanoclusters within the B-cell membrane.
The rapid diffusion of CD22 provides a means of attenuating BCR signalling
To incrementally integrate our findings into a conceptual model, we started by building a graphic representation. To this end, we considered the size and abundance of the CD22, IgM, IgD and CD19 receptors. Based on their structural data (Harris et al, 1998) , we considered the lateral dimension of a surface-bound IgM or IgD molecule to be in the order of 10-15 nm, and those of CD19 and CD22 to be close to 5 nm (Fig 4A) . We randomly distributed these four receptor molecules, assuming no overlap, over an area of 1 lm 2 , taking into consideration the experimentally determined abundance of the receptors (Fig 4A) . We found that CD22, CD19, IgM and IgD together amounted to a density of approximately 3,040 molecules per lm 2 . This means that they jointly cover 10-15% of the total surface area, conveying an immediate impression of receptor crowding. Given that each receptor exhibits a characteristic level of clustering, this parameter was independently introduced for each ( Fig 4B) using the experimentally determined degree of clustering. Notably, the inclusion of all receptors in one image immediately conveyed how much the inhibitory nanoclusters (blue, CD22) were outnumbered by the activatory molecules (red, IgD, IgM, CD19) (Fig 4C) . At this point, we wanted to generate a more realistic representation of receptor clusters so we converted the individual molecules into distinct areas. To do this, we firstly used our SIM data to link neighbouring molecules of CD22 and IgD such that we obtained distinct clusters that overlapped to the same extent as observed experimentally (Fig 2) , and we then introduced the dSTORM resolution to add precision to the localization. The overlay image highlights the areas where IgD overlaps with CD22 or where CD22 overlaps with IgD ( Fig 4D) . Given that regulation of BCR signalling is likely to require a close proximity of the two receptors, the relatively high proportion of BCR that is not overlapping CD22 raises the question of how CD22 can perform its inhibitory role.
To address this question, we developed a dynamic in silico model derived from our experimental observations to predict the area surveyed by CD22 nanoclusters according to their mobility. CD22 nanoclusters are modelled on the dSTORM data as before and diffuse at an assigned speed. This speed was chosen to be within the observed physiological range of membrane receptors, that is between 0.005 lm 2 /s (IgD) and 0.100 lm 2 /s (MHCII) (Treanor et al, 2010) ; in contrast, lipids diffuse with speeds up to 0.6 lm 2 /s (Schü tz et al, 2000). We found that when CD22 was assigned a speed of 0.05 lm 2 /s, then 90% of the cell membrane area was covered within 500 ms ( Fig 4E; Movie EV1). However, when the diffusion coefficient was set to 0.005 lm 2 /s, it took five times longer to achieve a similar coverage (Fig 4E and F) . This model demonstrates that a high lateral mobility of CD22 nanoclusters could provide a means by which CD22 might come into contact with many BCR nanoclusters and thereby regulate signalling. Francesca Gasparrini et al CD22 organization and dynamics restrain BCR signalling The EMBO Journal
Given the predictions from our in silico model, we moved on to examine experimentally the rate at which CD22 diffuses in the membrane of resting primary B cells using single-particle tracking (SPT) (Treanor et al, 2010) . Naïve B cells were stained with limited amounts of fluorescently labelled anti-CD22, anti-IgM, anti-IgD and anti-CD19 Fab fragment and visualized by TIRFM under non-stimulatory conditions, as described previously (Mattila et al, 2013) . The resulting analysis of single-particle tracks demonstrated that CD22 is indeed highly mobile and shows a broad range of diffusion coefficients with a median of 0.046 lm 2 /s ( The EMBO Journal CD22 organization and dynamics restrain BCR signalling Francesca Gasparrini et al than 90% of the B-cell surface in 500 ms ( Fig 4E) . Interestingly, the diffusion of CD22 is much faster than that recorded for other receptors in the B-cell membrane, namely IgD (0.008 lm 2 /s), IgM (0.026 lm 2 /s) and CD19 (0.011 lm 2 /s) (Fig 5C; Mattila et al, 2013) . While the rapid diffusion of CD22 might appear surprising when considering the size of the observed nanoclusters, it is clear from our model system that this provides an elegant mechanism for CD22 to achieve efficient attenuation of BCR signalling.
CD22 mobility but not organization is regulated by the actin cytoskeleton
We have shown previously that the underlying B-cell actin cytoskeleton regulates BCR mobility (Treanor et al, 2010) . In view of this, we sought to test a potential role for the actin cytoskeleton in the regulation of CD22 diffusion and organization in the B-cell membrane.
The mobility of CD22 relative to the density of underlying actin was examined using dual-view SPT in primary B cells expressing the F-actin-binding probe LifeAct-GFP (Riedl et al, 2008) . The fluorescent signals arriving from single particles of CD22 and LifeAct-GFP were simultaneously recorded using an optical splitter, and the latter used to generate masks with high LifeAct signal being assigned as "actin rich". The CD22 tracks observed within the cell body were then classified as "inside" or "outside" actin-rich areas according to the region in which the receptor spends most time ( Fig 5D) . Using this approach, we observed that CD22 mobility was lower inside actin-rich areas, exhibiting a median diffusion coefficient of 0.034 lm 2 /s compared with 0.049 lm 2 /s outside. We also observed that the CD22 particle tracks were located outside of actinrich areas approximately 70% of the time ( Fig 5E) . We went on to carry out a more detailed analysis at the pixel level to determine whether CD22 is preferentially located in areas with higher actin Francesca Gasparrini et al CD22 organization and dynamics restrain BCR signalling The EMBO Journal density. To do this, the intensity of LifeAct-GFP in the pixels containing single-particle tracks of CD22 was recorded and compared with the same number of random positions on the cell (Fig 5F) . Interestingly, the distribution of LifeAct-GFP intensities in pixels visited by CD22 tracks closely resembled the distribution of the random actin intensities observed across the cell. The surprising lack of accumulation of CD22 in actin-rich areas may be due in part to the highly dynamic cortical actin cytoskeleton in B cells, but suggests that CD22 is slowed down, rather than trapped when moving through actin-rich areas.
To further probe the influence of the actin cytoskeleton on CD22 mobility, primary B cells were treated with either 1 lM LatA or 10 lM cytochalsin D (CytoD) to trigger cytoskeleton reorganization and the dynamics of CD22 were recorded using SPT. We observed that the median diffusion coefficient of CD22 was almost twofold higher after treatment with either LatA or CytoD (0.055 lm 2 /s and 0.061 lm 2 /s, respectively) compared with the vehicle control (DMSO, 0.032 lm 2 /s) ( Fig 5G) . It is important to note that these results were recorded at a later time point (10-15 min) to allow administration of the drug, which consistently results in a lower diffusion coefficient compared to measurements recorded at earlier time points (0.046 lm 2 /s to 0.032 lm 2 /s, Fig 5C) . We saw, however, the same effect for the control and drug-treated cells (data not shown). The dynamic behaviour of CD22 after activation induced by cytoskeleton reorganization is in contrast to that observed for the positive coreceptor CD19, but is in line with that shown for the BCR (Mattila et al, 2013) . The impact of cytoskeleton disruption on the dynamic behaviour of CD22 raises a question: Does this mode of activation trigger a corresponding global reorganization of CD22? To answer this, we used dSTORM to visualize the distribution of CD22 in primary B cells following treatment with LatA. Visual inspection of the resulting dSTORM images revealed that cytoskeleton disruption does not have an effect on the nanoscale distribution of CD22 (Fig 5H) . In line with this, the Hopkins index of CD22 is not significantly altered from the vehicle control following LatA treatment (0.81 and 0.82, respectively) ( Fig 5I) . However, in response to cytoskeleton disruption, the height of the H function peak is greater compared to the untreated sample, indicating that the cluster density slightly increases, although the average radius of CD22 nanoclusters remains unchanged at around 90-100 nm (Fig 5J) . Our LatA stimulation spans 1 to 20 min, a sufficient time window to observe a substantial disruption of the actin network ( Fig 5K) but without altering CD22 surface expression (Fig 5L; Sherbina et al, 1996) or B-cell morphology (Treanor et al, 2010) . This demonstrates that the global organization of CD22 nanoclusters is not dramatically affected following reorganization of the actin cytoskeleton and is in line with previous observations for the BCR and CD19 (Mattila et al, 2013) . In all, the results indicate that the cortical actin cytoskeleton can influence the dynamic behaviour, but not the global organization of CD22 in the-B cell membrane.
CD22 dynamics and organization in the B-cell membrane are regulated by the glycoprotein CD45
As the actin cytoskeleton does not appear to be primarily responsible for the global organization of CD22, we moved on to consider a role for the lectin activity of CD22 in shaping its behaviour in the B-cell membrane. CD22 binds specifically to a2,6-Sia, but as this interaction has the characteristic low affinity of a lectin-ligand interaction (Crocker et al, 1999) , it seems reasonable to expect that the density of this ligand on the B cell surface might direct the dynamics of CD22. a2,6-Sia is expressed by a number of glycoproteins in B cells, and the protein tyrosine phosphatase CD45 in particular has emerged as a putative and abundant binding partner of CD22 (Stamenkovic et al, 1991; Cyster & Goodnow, 1997) .
In order to investigate the potential influence that lectin interactions might have on CD22 in the B-cell membrane, we took Values from different cells were normalized so that the average intensity in F-actin-rich regions corresponds to a value of one and the average for F-actin low regions to zero. G Wild-type primary B cells were labelled with Atto633-conjugated Fab fragments against CD22, settled onto non-stimulatory coverslips and treated with vehicle control (DMSO) or 1 lM LatA. Single-particle trajectories were then analysed. Bars and numbers indicate the median. Data are pooled from two experiments. *P < 0.0001 (Student's t-test). H-J Wild-type primary B cells were stained with Alexa 647-conjugated antibody against CD22 and settled onto non-stimulatory coverslips. Cells were then fixed, imaged with dSTORM and analysed. The EMBO Journal CD22 organization and dynamics restrain BCR signalling Francesca Gasparrini et al advantage of a mouse model lacking the expression of the glycosylated protein CD45. We examined the distribution of CD22 in CD45-deficient B cells at high resolution using dSTORM. Visual inspection of the resulting rendered dSTORM images revealed a dramatic difference in the organization of CD22 in CD45-deficient cells compared with wild-type cells, with the former exhibiting considerably larger CD22 nanoclusters (Fig 6A) . In line with this, we found that the CD22 organization in CD45-deficient B cells is described by a higher Hopkins index (0.90) and H function peak position (150 nm) compared with wild-type B cells (0.85 and 100 nm, respectively) ( Fig 6B) . This demonstrates that CD22 exhibits a higher tendency to be clustered in the absence of CD45. Moreover, we also detect a coalescence of CD22s in B cells extracted from CD45 heterozygous mice (Cd45
) compared with wild-type cells, so it appears that the extent of CD22 nanoclustering is proportionally dependent on the amount of CD45 present on the cell surface (Fig EV2A and B) .
Given the impact that the removal of CD45 has on CD22 organization in the B-cell membrane, we went on to assess the role that this sialylated ligand might have on the mobility of CD22 using SPT. We observed that the median diffusion coefficient of CD22 is significantly lower in CD45-deficient cells compared with wild-type B cells (0.025 lm 2 /s and 0.048 lm 2 /s, respectively) (Fig 6C and D ; Movie EV3). Indeed, the lower diffusion coefficient of CD22 was accompanied by a reduction in the area of confinement (Fig 6E) and an increase in the slower-diffusing population (Fig 6F) in CD45-deficient B cells. The treatment of these cells with LatA did not substantially alter the rate of CD22 diffusion (0.028 lm 2 /s compared with vehicle control 0.023 lm 2 /s) (Fig 6G) , and the area of confinement suggested that the influence of the actin cytoskeleton on CD22 dynamics was diminished in CD45-deficient B cells (Fig 6H) . Importantly, IgM nanoscale organization, diffusion and sensitivity to cytoskeleton disruption were not altered in CD45-deficient B cells (Figs 6D, E, G and H, and EV2C) , indicating that the alterations in CD22 organization and dynamics were not simply the result of aberrant disorganization of the B-cell surface in the absence of CD45. The increased tendency of CD22 to coalesce into larger clusters in CD45-deficient primary B cells implies that it may engage in homotypic interactions, and this is in line with previous findings in a B-cell line (Han et al, 2005) . In this scenario, the removal of sialylated CD45 from the cell surface is expected to decrease the competition for ligand binding and favour interactions between neighbouring sialylated CD22 molecules. To establish whether this is indeed the case in our system, CD45-deficient B cells were treated with sialidase to remove a2,6-Sia ligands from the cell surface and the organization of CD22 was visualized using dSTORM. We observed that the sialidase-treated cells exhibited a higher number of smaller CD22 nanoclusters compared with untreated cells (Fig 6I) . In addition, both the H function and Hopkins index decreased when the cells were stripped of sialic acid (Fig 6J) , indicating that the formation of larger clusters of CD22 in the absence of CD45 was indeed determined by ligand-dependent homotypic CD22 cis-interactions. Similar results were also observed when sialic acid was removed from the cell surface after mild periodate treatment (Fig EV2D) .
The influence that CD45 has on CD22 organization was further analysed by SIM (Fig EV2E-G) . Similar to our observations by dSTORM, we found a significant enlargement of CD22 clusters in CD45-deficient cells, whereas the IgM, IgD and CD19 organization remained the same (Fig EV2H) . Furthermore, analysis of dualcolour images did not reveal any marked alterations in the degree of CD22 overlap with IgD or CD19, but showed a minor, although significant increase in the CD22-IgM correlation (Fig EV2F  and G) . Together, these results demonstrate that the absence of CD45 leads to a profound alteration in CD22 organization without substantially altering the degree of association of CD22 with IgM, IgD or CD19. Data information: *P < 0.05, **P < 0.001, ***P < 0.0001 (Student's t-test). Source data are available online for this figure. Francesca Gasparrini et al CD22 organization and dynamics restrain BCR signalling The EMBO Journal
We were keen to examine the functional significance that the altered organization of CD22 in CD45-deficient B cells has on BCR signalling triggered following cytoskeleton disruption. CD45-deficient B cells exhibited higher levels of CD22 phosphorylation both in the basal state and in response to LatA (Fig 6K and L) . Indeed, these cells were strongly impaired in their ability to mediate BCR signalling upon LatA treatment (Fig EV3A-D) . This observation suggests that altering the organization of CD22 may have implications for B-cell activation; however, CD45 itself plays a central role in the initiation of BCR signalling (Hermiston et al, 2003) . Therefore, although the CD45-deficient mouse has allowed us to identify an important role for cis-interactions in the organization and dynamics of CD22 in B cells, it does not provide a straightforward model to accurately investigate the functional consequences that these interactions play in BCR signalling.
CD22 dynamics, organization and attenuation of BCR signalling are dependent on interaction with a2,6-Sia
We have established that CD22 exhibits a dramatically different organization in the B-cell membrane in the absence of the sialylated protein CD45. As this is potentially due to increased CD22 homotypic interactions, we investigated the role of the extracellular lectin domain in determining the dynamic distribution of CD22 in the B-cell membrane.
To achieve this, we engineered a chimeric CD22 protein with the extracellular domains substituted with the unrelated small molecule hen egg lysozyme (Hel) and expressed it in the A20 B-cell line ( Fig EV4A) . As these cells expressed the chimeric CD22 (Hel-CD22) alongside endogenous CD22, it provided a convenient system to assess the effect that the extracellular domain has on the lateral mobility of CD22 using SPT. Comparable to primary B cells (Fig 5A-C) , endogenous CD22 exhibits a median diffusion coefficient of 0.044 lm 2 /s in A20 cells, but chimeric Hel-CD22 diffuses significantly faster with a median diffusion coefficient of 0.126 lm 2 /s (Fig EV4B) . We then examined the functional consequences of expressing chimeric Hel-CD22 in the regulation of BCR signalling. We observed robust activation of ERK and Akt in A20 wild-type cells following stimulation with CytoD; however, the levels of both ERK and Akt phosphorylation were significantly lower in the A20 B cells that also expressed the chimeric Hel-CD22 (Fig EV4C-F) . This observation shows that the extracellular domain plays an important role in shaping the membrane diffusion of CD22 and suggests that higher mobility might lead to stronger signal inhibition.
To examine the role of the CD22 extracellular domain in a more physiological system, we then took advantage of a transgenic mouse model that expresses CD22 with a point mutation in the a2,6-Sia-binding pocket (Cd22 shows a greater area of confinement (Fig 7C) . Moreover, a more detailed inspection of these data reveals that the entire population of CD22 is shifted to a higher mobility on abrogation of a2,6-Sia binding (Fig 7D and E) . These observations are consistent with the notion that the increased lateral mobility of CD22 may promote the attenuation of BCR signalling.
To ascertain how abrogated a2,6-Sia binding influences the nanoclustering of CD22, we used dSTORM and observed that Cd22 R130E was organized in smaller nanoclusters than wild-type CD22 (Fig 7F) . The smaller size of CD22 nanoclusters is reflected in the lower peak position of the H function in Cd22 R130E B cells compared with wild type (60 nm and 100 nm, respectively) ( Fig 7G) . Furthermore, the Hopkins index increases in Cd22 R130E from 0.80 to 0.87, which shows that the CD22 is more likely to be in the clustered state. Together with the earlier finding that larger CD22 nanoclusters are formed in the absence of CD45 (Fig 6A  and B) , these observations lend weight to the idea that CD22 Figure 7 . CD22 mobility, nanoscale organization and function are dependent on its sialic acid-binding activity.
A-E Wild-type and Cd22 R130E primary B cells were labelled with Atto 633-conjugated Fab fragments against CD22 or IgM, settled onto non-stimulatory coverslips and imaged. Single-particle trajectories were then analysed. Francesca Gasparrini et al CD22 organization and dynamics restrain BCR signalling The EMBO Journal nanoclustering in the B-cell membrane is promoted by homotypic interactions that are dependent on a2,6-Sia binding. In addition, cross-correlation analysis of dual-colour SIM images showed a marginal increase of CD22 overlap with IgM and no increased overlap with IgD (Fig EV5A-C) . Considering the altered organization and dynamics of CD22 caused by the abrogation of a2,6-Sia binding capability, we went on to assess the repercussions on the ability of CD22 to attenuate BCR signalling after cytoskeleton disruption. Importantly, we observed no increase in intracellular calcium in Cd22 R130E B cells after treatment with LatA ( Fig 7H) . Furthermore, the activation of CD19, Akt and ERK was lower in B cells expressing Cd22 R130E compared with wild-type controls (Fig 7I-K ). These findings demonstrate that the lectin-binding activity of CD22 might provide a means of regulating the inhibitory activity of this coreceptor and thereby signalling through the BCR. Since we found that Cd22 R130E is organized in smaller clusters and acquires higher mobility than wild-type CD22, we then employed our in silico model in an attempt to understand the possible contributions of cluster size and diffusion to the enhanced function of Cd22 R130E in dampening BCR signalling. We first evaluated whether a diminution in nanocluster size has an effect on the area covered by CD22. We used the cluster values observed for Cd22
R130E
in a further round of in silico modelling (Fig 7L) . Simulations were run as previously described in Fig 4, and the area covered by the mutated coreceptor was measured. Unexpectedly, the area covered by the smaller clusters representing Cd22 R130E was consistently higher than that of the larger wild-type CD22 clusters (Fig 4E) . Such an increase in area covered of the smaller clusters can be explained by the fact that larger clusters physically occupy more area thus covering less "fresh" territory compared to smaller clusters during their motion.
In our in silico model, we went on to disentangle the effects that cluster size and diffusion coefficient have on Cd22 R130E specifically.
We first compared the area covered with a cluster size fixed at the value of Cd22 R130E for the experimentally measured diffusion coefficients of wild-type CD22 and Cd22 R130E (Fig 7M) . Then, we compared the area covered with the diffusion rate fixed value of Cd22 R130E for the cluster sizes of wild-type CD22 and Cd22
( Fig 7N) . These results show that both smaller cluster size and faster diffusion similarly affect the area covered. Lastly, we compared the area covered by CD22 and Cd22 R130E with their experimentally measured values for both nanocluster size and diffusion coefficient. We found that Cd22 R130E can indeed sample a larger area than wild-type CD22 in a given window of time through the combined effects of having both smaller clusters and faster diffusion (Fig 7O) . Given that the alterations in mobility and organization of Cd22 R130E had resulted in diminished tonic BCR signalling, we anticipated that this CD22 mutant form would also be more active at dampening BCR signalling stimulation. To assess this, B cells were stimulated with anti-kappa antibody, and then BCR-dependent signalling was analysed as above. In line with observations reported by Müller et al (2013) , we saw that Cd22 R130E cells were indeed significantly reduced in their ability to raise calcium levels in response to BCR cross-linking compared to wild-type cells (Fig EV5D) . Moreover, BCR signalling in response to ligand was also reduced, as judged by the reduced levels of CD19, Akt and ERK phosphorylation (Fig EV5E and F) .
All together, our data demonstrate that the altered nanocluster organization and mobility of Cd22 R130E result in diminished tonic and ligand-dependent signalling. Overall, a picture of CD22 emerges in which the organization and dynamic diffusion of this inhibitory coreceptor are orchestrated through a network of lectinmediated interactions in the B-cell membrane, thereby shaping the extent of signalling through the BCR and consequent B-cell activation.
Discussion
We have demonstrated that alteration of the cortical cytoskeleton elicits an intracellular signalling cascade that is qualitatively, but not quantitatively, similar to that triggered by cross-linking the BCR. Notably, this response also employs the canonical CD22-negative regulatory pathway. By combining super-resolution microscopy and single-particle tracking, we have established that endogenous CD22 exists in preformed nanoclusters and its lateral mobility increases when cortical actin is disrupted, while its nanoscale organization remains unaffected. Instead, using transgenic mice expressing CD22 mutant variants, we were able to establish that the sialic acidbinding domain of this receptor has a major contribution in defining both the lateral mobility and nanocluster organization. Similarly, we found reduced mobility and higher degree of clustering in the absence of the glycoprotein CD45, a potential binding partner for CD22. Together, our findings demonstrate that CD22 works with the actin cytoskeleton to jointly control BCR signalling in naïve B cells and that CD22 organization and dynamics are important properties in this regulation. We previously showed that disruption of the cortical cytoskeleton induces BCR signalling (Treanor et al, 2010) which involves calcium flux and ERK and Akt phosphorylation. More recently, we demonstrated that although the BCR was necessary, it was not sufficient to elicit such signals and that the BCR requires a productive collaboration with the coreceptor CD19 (Mattila et al, 2013) . Here, we established that the disassembling of the actin network also induces the early tyrosine kinase signature of BCR signalling, involves Src kinases and induces phosphorylation of Syk, PLCc2 and CD19. While these early events were qualitatively similar to those observed when B cells are stimulated by antigen or by BCR cross-linking, the magnitude of these responses was substantially lower. Nevertheless, they led to robust calcium flux as well as ERK and Akt phosphorylation. These data indicate that in response to actin disruption, signalling is initiated by BCR and Src kinases, propagated via Syk and CD19, leading to calcium flux and Akt and ERK responses. Instead, signalling initiated by BCR cross-linking will lead to extensive Syk activity, which can be CD19 independent, followed by calcium flux, Akt and ERK responses. These two signalling modes might account for the differences between "tonic" and activatory BCR signalling (Lam et al, 1997) . They also are in line with recent work from the Weiss group in T cells (Tan et al, 2014) . In this, they demonstrated that Csk inhibition triggers extremely high levels of SFK activity but was not sufficient to trigger calcium flux or ERK. Indeed, the additional requirement of actin disruption allows PLCc1 access to PtdIns(4,5)P2 for the further propagation of the proximal TCR signal which depends on CD28 (Tan et al, 2014) . Despite some minor intrinsic differences between B and T cells, The EMBO Journal CD22 organization and dynamics restrain BCR signalling Francesca Gasparrini et al these data highlight the important role of actin cytoskeleton remodelling during lymphocyte activation. Importantly, we show here that the low levels of early tyrosine phosphorylation induced in B cells by LatA treatment are under the strict control of the inhibitory coreceptor CD22 and its effector SHP-1. While CD22 expression has always been inferred by the levels of antibody staining in flow cytometry (D'Arena et al, 2000) , this methodology does not provide the precise number of molecules of CD22 on the cell surface. Here, we determined that CD22 is present at 65,000 molecules per B cell. This means that CD22 appears to be markedly outnumbered when compared to the expression of IgM and IgD, the sum of which corresponds to 326,000 molecules. As shown in our super-resolution data, this imbalance is maintained when the clustering of CD22 molecules is considered. We went on to develop Brownian dynamic simulations in an attempt to link CD22 properties to function. Our in silico model anticipated that fast lateral diffusion might permit CD22 molecules to survey a larger area on the B-cell surface in a shorter window of time. Our single-particletracking analysis of CD22 confirms this prediction: indeed, CD22 is highly mobile (0.046 lm 2 /s) if considering that the physiological range of diffusion coefficients is from 0.005 lm 2 /s for IgD to 0.100 lm 2 /s for MHC-II (Wade et al, 1989; Vrljic et al, 2002; Umemura et al, 2008; Treanor et al, 2010) . It is not technically possible to determine from the tracking of individual fluorophores whether they represent individual receptor molecules or several receptors in one cluster. We conclude from the Hopkins index that most of the CD22 exists in clusters; therefore, it is highly likely that we are tracking mobile receptor clusters. The other possibility would be that a pool of highly mobile individual molecules diffuses between immobile clusters, although this would imply a large immobile fraction in the SPT data, which is in contrast to the small fraction we observe. We conclude, therefore, that the large mobile fraction in the SPT data mostly represents CD22 in clusters, with a small contribution from individual molecules, which would also be in agreement with the in silico model. The slow dynamics observed in the absence of CD45, as well as the faster dynamics observed for Cd22 R130E compared with wild type, indicate that the state of CD22 might have a direct effect in influencing receptor mobility. Nevertheless, the fast diffusion of CD22 might allow it to make contact with a high number of BCR nanoclusters. This is likely to compensate for CD22 being outnumbered and provides rapid negative surveillance of the BCR.
On B cells, we have estimated that the BCR, CD19 and CD22 nanoclusters occupy more than 10% of the surface. It is important to understand how the organization of these molecules allows B cells to respond to specific stimulation while preventing aberrant activation. Recent studies have demonstrated that the BCR is not monomeric but exists pre-clustered or in islands on the surface of cells (Mattila et al, 2013; Kläsener et al, 2014) . However, the particular mechanisms driving receptor nanoclustering are not completely understood. Notably, we recently showed that the tetraspanin CD81 determines, at least in part, the organization of CD19 nanoclusters (Mattila et al, 2013) . In a similar fashion, we have demonstrated here that cis-interactions control the membrane organization of the lectin CD22, namely the presence of CD45 and sialic acid binding. We observed that in CD45-deficient B cells, the degree of CD22 nanoclustering dramatically increases, pointing towards a specific interaction between CD22 and CD45. The formation of larger CD22 clusters in the absence of CD45 can be reversed when the cells are treated with sialidase, indicating a ligand dependency of homotypic CD22 cis-interactions. These findings suggest that CD45 works as a spacer between neighbouring CD22 molecules, reducing the tendency of CD22 molecules to clump together. Indeed, a photoaffinity protein-glycan cross-linking assay, performed in a human lymphoma B-cell line, indicated a preference of CD22 to form homomultimeric complexes (Han et al, 2005) . These complexes appear to be preferentially located into clathrin-coated pit domains, which are responsible for receptor internalization and endocytosis Grewal et al, 2006) . Moreover, we observed that mutated CD22 unable to bind sialic acid (Cd22 R130E ) exhibited a reduced degree of nanoclustering when compared to wild-type CD22. In addition to the concept of receptor nanoclustering, plasma membrane compartmentalization has emerged as an important parameter in understanding the regulation of receptor signalling. The cytoskeleton and associated proteins define membrane compartments, restricting the diffusion of plasma membrane components (Kusumi et al, 1993 (Kusumi et al, , 2005 such as FceRI in mast cells and the BCR on B-cell membranes (Andrews et al, 2008; Treanor et al, 2010) . In particular, the lateral mobility of the BCR is mediated by the cortical cytoskeleton (Treanor et al, 2010) . This interaction has profound consequences for signalling, evidenced by BCR signalling after cytoskeleton disruption. In contrast, CD19 membrane lateral mobility is not mediated by actin, but determined instead by the tetraspanin CD81, which immobilizes CD19. The cytoskeleton appears to differentially compartmentalize BCR and CD19 islands, and hence, when it is disrupted, BCR signalling is generated.
CD22 diffusion increases once the cytoskeleton is disrupted, indicating a certain degree of restriction by actin, although cis-interactions appear to play the major role in CD22 dynamics and organization. In CD45-deficient B cells, CD22 exhibits a sharply decreased lateral mobility, probably as a consequence of its increase in aggregation. Such a severe reorganization of CD22 is likely to affect B-cell activation. In line with previous results (Benatar et al, 1996; Cyster et al, 1996; Hermiston et al, 2005) , we observed that in CD45-deficient B cells, the calcium response is only mildly impaired after receptor cross-linking. Instead, we observed severely reduced BCR signalling after LatA treatment, which might be caused by an altered function of CD22. Indeed, the alterations of CD22 nanoscale organization and diffusion in CD45-deficient cells are accompanied by a significant increase in both CD22 basal and LatA-induced phosphorylation levels. Our data are in accordance with previous biochemical studies showing higher CD22 basal phosphorylation when CD45 was misplaced on the surface of a B-cell line with a cross-linking anti-CD45 antibody (Greer & Justement, 1999) . In addition, diminished responses in CD45-deficient B cells can be rescued when SHP-1 is depleted, supporting the idea of a gain of function for CD22 in CD45-deficient mice (Pani et al, 1997) . As CD22 phosphorylation seems to be mediated by Lyn (Cyster & Goodnow, 1997; Cornall et al, 1998; Smith et al, 1998) , the mechanism responsible for the enhanced CD22 phosphorylation we observed in CD45-deficient cells is not clear. However, even though Lyn phosphorylation is decreased in the absence of CD45, in B cells, the presence of the phosphatase CD148 permits a lower but functional level of Lyn kinase activity to be sustained (Cordoba et al, 2014) . In this scenario, the reorganization that occurs at the nanoscale level on the membrane of CD45-deficient cells might direct Francesca Gasparrini et al CD22 organization and dynamics restrain BCR signalling The EMBO Journal active Lyn to preferentially engage the enlarged clusters of CD22, thereby exacerbating a negative feedback loop. Intrinsic alterations in the levels of Src kinase activity in CD45-deficient cells, however, are likely to have a dominant effect and therefore prevent us from ascribing all these differences to CD22 organization alone. To address this in a more straightforward way, we took advantage of transgenic mice expressing a mutant form of CD22. Functional implications of CD22 cis-interactions were previously reported using ST6GalI knockout or R130E knock-in mice with ablated sialic acid or mutated a2,6-Sia-binding domain, respectively (Jin et al, 2002; Collins et al, 2005; Grewal et al, 2006; Müller et al, 2013) . B cells from these mice are hypo-responsive after IgM crosslinking, possibly due to a higher colocalization of the BCR to CD22 in clathrin-coated pit domains in the absence of ligand binding . Notably, it has been shown that CD22 phosphorylation is higher in resting Cd22 R130E B cells (Mü ller et al, 2013) . Here, we show that when they are unable to recognize sialic acid, CD22 nanoclusters are smaller in size and acquire higher A B C Figure 8 . A role for CD22 dynamics and organization in restraining BCR signalling in naïve B cells.
A In the steady state, CD22 dynamics and nanoclustering are regulated by CD45. Sialylated CD45 works as a spacer between mobile molecules of CD22 displaying high amount of sialic acid. This organization limits the extent of active CD22 (red tails, side view) and restrains the proximity of CD22 to the BCR (long arrow, side view). This equilibrium allows a low level of basal signalling required for B-cell survival. B When CD45 is absent, the tendency of CD22 to form self-interactions via sialic acid binding increases together with CD22 nanocluster size and inhibitory activity.
Bigger clusters of hyperactive CD22, no longer trapped by CD45, can access the BCR more easily (short arrow, side view) restraining the signalling. C The inability of CD22 to bind the sialic acid (Cd22
R130E
) on either CD45 or neighbouring CD22 molecules decreases the size of CD22 nanoclusters with a concomitant increase of CD22 lateral mobility (dashed arrows, side view and top view) and phosphorylation. In this situation, CD22 is able to explore a larger area and access more BCRs (short arrow, side view), thus leading to a higher signal inhibition. The EMBO Journal CD22 organization and dynamics restrain BCR signalling Francesca Gasparrini et al lateral mobility compared with wild-type CD22, characteristics that parallel a robust inhibition of BCR signalling in response to both BCR engagement and cytoskeleton disruption. Notably, our in silico model shows that both of the characteristics (smaller cluster size and higher diffusion) render CD22 able to survey larger areas on the B-cell surface, which might be the reason why Cd22 R130E acquires a stronger inhibitory function. Moreover, smaller clusters are also likely to have relatively more peripheral CD22 molecules exposed than larger clusters, which, together with a faster mobility, could render Cd22 R130E able to keep more molecules of BCR in check in less time. Indeed, in a recently presented proximity ligation assay (PLA), Cd22 R130E showed a higher association with IgM in resting B cells compared with wild-type B cells (Müller et al, 2013) . In our study, we use SIM and dSTORM as two complementary super-resolution microscopy methods (Gustafsson et al, 2008; Heilemann et al, 2008) . SIM is based on applying patterned illumination during imaging and does not pose special restrictions in the choice of fluorophores, which makes it ideally suited for multicolour experiments. In contrast, dSTORM exploits stochastic blinking of fluorophores under special buffer and illumination conditions. The advantages of dSTORM are its higher resolution (10-30 nm) compared to SIM (110-150 nm) and the possibility of counting individual molecules, thereby allowing, for instance, cluster analysis (Lillemeier et al, 2010; Mattila et al, 2013) . However, it is difficult to find suitable fluorophores for multicolour dSTORM experiments. The stochastic nature of the imaging process can lead to multiple blinking events for a single labelled antibody (Mattila et al, 2013) . However, it is also possible to miss receptors because of insufficient labelling or altered blinking conditions in the local environment. While this does not affect the results of the single-colour cluster analyses reported in the current study, it can be challenging in multicolour experiments (Mattila et al, 2013) . Taking these limitations into consideration, our dual-colour SIM analysis showed only a minor, but significant increase in Cd22 R130E colocalization with IgM.
Together, these observations are in line with our model where the organization and high lateral mobility of CD22 is fundamental in dampening BCR signalling both at the steady-state and upon liganddependent stimulation (see model in Fig 8) .
On the basis of our findings, we include the inhibitory coreceptor CD22 in the scenario of B-cell activation upon cytoskeleton disruption. We postulate the following model: in resting B cells, the constitutive "tonic" signalling generated by pre-existing nanoclusters of BCRs and CD19 is kept under control by the high dynamism of CD22 nanoclusters. In parallel, the actin cytoskeleton defines distinct compartments in the plasma membrane where BCR is restrained from signalling. The disruption of the cytoskeleton releases BCR nanoclusters, which will now be able to diffuse freely. Freely diffusing BCR will, in turn, overcome CD22 inhibitory action because they will be able to interact with other BCR nanoclusters, or with islands of CD19, and therefore, signalling will be positively sustained.
Materials and Methods
Cell preparation and culture
Mouse strains used: C57BL/6 wild-type mice; BALB/c wild-type mice; lMT (Kitamura et al, 1991) ; CD45-deficient mice (Mee, P.J.); and LifeAct-GFP mice (Riedl et al, 2008) kindly provided by M. Sixt and R. Faessler (Max Plank Institute of Biochemistry, Munich). For bone marrow chimeras, B-cell-deficient lMT mice were irradiated with 2 × 6.6 Gy, and on the day after injected intravenously with 2 × 10 6 bone marrow cells from CD22 transgenic mice expressing either CD22-Y2,5,6F, CD22-Y5,6F and CD22-R130E or from CD22-deficient mice. The splenocytes were isolated after 2-4 months. Splenic naïve B cells were purified by negative selection, according to the manufacturer's instructions using MACS B-cell isolation kit (Carrasco et al, 2004) and used on the day of isolation. Primary B cells and murine A20 B-cell line were cultured at 37°C in complete medium (RPMI containing 10% FCS, 10 mM HEPES, GlutaMAX, penicillin and streptomycin (all LifeTechnologies) and 50 lM b-mercaptoethanol (Sigma-Aldrich). All the experiments were approved by the Cancer Research UK Animal Ethics Committee and the UK Home Office.
Reagents
Latrunculin A, cytochalasin D, PP2 and Syk-inhibitor IV BAY 61-3606 were purchased from Calbiochem. Sialidase from Arthrobacter ureafaciens was purchased from Roche.
Cloning and transfection of recombinant lysozyme-CD22
For the generation of Hel-CD22 chimera, Hel sequence was amplified by PCR from a pcDNA3 plasmid containing a Hel-cDNA fragment (Batista & Neuberger, 1998) 
Preparation of Fab fragments of monoclonal antibodies
Fab fragments of purified monoclonal antibody against murine CD22 (Cy34.1; ATCC TIB163), IgD (11-26c) and CD19 (1D3 and 6D5) were prepared as previously described (Depoil et al, 2008) . Fab fragments were labelled with Atto488 or Atto633 (Atto-Tec) dyes according to the manufacturer's instructions.
Sample preparation for single-particle tracking Single-particle tracking was performed as previously described (Treanor et al, 2010) . Briefly, primary naïve B cells and A20 B cells were labelled with limiting dilutions of Atto633-or Atto488-conjugated anti-CD22 Fab (Cy34.1), anti-CD19 Fab (1D3), anti-IgD Fab (11-26c) or anti-IgM Fab (Jackson ImmunoResearch) for 10 min on ice and washed with PBS. Cells were then resuspended in imaging buffer and allowed to settle on anti-MHCII-coated Francesca Gasparrini et al CD22 organization and dynamics restrain BCR signalling The EMBO Journal coverslips in Focht Chamber System 2 (FCS2) chambers (Bioptechs Inc.) at 37°C for 2 min prior to imaging with TIRFM for 15 min. For disruption of F-actin, 1 lM LatA or DMSO pre-warmed in imaging buffer was injected into the chambers 5 min after cell settling and imaged 10 min after adding the drug.
Sample preparation for dSTORM
Cells were labelled 15 min on ice with Cy5-or Alexa 647-conjugated Fab fragments (anti-IgM (Jackson ImmunoResearch), anti-IgD 11-26c, anti-CD19 6D5) or full antibodies (anti-CD19 6D5, anti-CD22 OX-97), washed in PBS, suspended in imaging buffer and allowed to adhere on anti-MHCII-coated coverslips at 37°C for 4 min. For LatA treatment, either pre-warmed 1 lM LatA or DMSO was added and incubated for another 4 min at 37°C. For sialidase treatment, cells were resuspended in HeBs buffer (20 mM HEPES, 140 mM NaCl) in the presence of 100 mU/ml of sialidase for 30 min at 37°C and washed in PBS before staining and settling them on the coverslips as described above. For periodate treatment, cells were resuspended in PBS/1%BSA buffer in the presence of 2 mM NaIO 4 for 30 min on ice. The samples were then fixed (4% paraformaldehyde, 0.2% glutaraldehyde) for 40 min. For imaging, samples were put in freshly prepared dSTORM switching buffer (PBS pH 7.4 (Sigma), 50 mM b-mercaptoethylamine (Sigma)) that was complemented with colloidal gold particles (100 nm diameter, British Biocell) as fiducials.
Sample preparation for SIM
Primary B cells were fixed in 2% PFA for 30 min at room temperature and stained with specific antibodies for 1 h. Cells were then washed in PBS, allowed to adhere on poly-L-lysine-coated glassbottomed cell culture dishes (MatTek) for 1 h and ultimately immobilized in 1% low-melting agarose. Staining was performed using anti-IgM Fab (Jackson ImmunoResearch), anti-IgD (11-26c), anti-CD22 (Cy43.1) conjugated with Atto633 or -488 and anti-CD19 (6D5) conjugated with Alexa 647.
Microscopy
Structured Illumination microscopy was performed on an Elyra PS.1 microscope (Carl Zeiss) using 488-nm and 640-nm laser excitation and a 63×/1.40 Plan Apochromat oil-immersion objective (Zeiss). Imaging was started 20 min after placing the dish on the microscope to prevent artefacts due to sample drift. Two-colour alignment was performed after each experiment day using a multicolour bead sample (Zeiss) and the channel alignment function in the Zen software (Zeiss). Images were reconstructed in the Zen software using a theoretical point-spread function and a noise filter setting of -4.0 for both channels, which gave a good compromise between resolution and signal to noise ratio of the reconstructed images. Under these conditions, the lateral resolution was found to be 150 nm using 40-nm green fluorescent beads. Z-stacks were recorded at the bottom of the cells and a maximum intensity projection of 4-5 slices (440-550 nm) generated. Images shown in the figures are scaled to 90% of the maximum intensity to enhance lower intensity features. Normalized two-colour cross-correlation images were calculated from the maximum intensity projections in MATLAB using the function normxcorr2. These images were then radially averaged to get cross-correlation curves c(r) for each cell. The mean and SEM of these curves is plotted in the figures. The value at r = 0 corresponds to the Pearson correlation coefficient and is given for each cell. The noise in SIM images is typically spatially correlated at small distances; however, the cross-correlation between the two channels was found to be zero, indicating that the noise does not contribute to c(r). Cluster sizes were calculated from SIM images using autocorrelation analysis. The size is given as the standard deviation of a Gaussian fit to the radial average of the autocorrelated image. Cluster sizes measured this way are well above the value obtained from images containing only noise, showing that we do indeed measure the size of the clusters. For single-particle tracking, TIRFM images were acquired with an EMCCD camera (iXon3 897, Andor) coupled to a TIRFM system (Cell R, Olympus) with three laser lines (488 nm, 561 nm and 640 nm) and motorized filter wheel (Olympus). Single-molecule imaging was performed as previously described (Treanor et al, 2010) with 20 frames/s for 15 s using a 150× NA 1.45 objective (Olympus). Dual-View TIRFM recording was achieved with an image splitter (Quadview, Photometrics) as described (Treanor et al, 2010) .
For dSTORM on the Cell R TIRFM system (Olympus), a 150× NA 1.45 objective (Olympus) was used. Acquisition at 640 nm and activation at 488 nm were simultaneous. 2,000-5,000 frames were acquired with exposure times of 150 ms.
For dSTORM on the ELYRA PS.1 system (Zeiss), an alpha Plan Apochromat 100× NA 1.46 objective (Zeiss) was used with a 1.6× magnification changer. Acquisition at 640 nm and activation at 405 nm were simultaneous. 3,000-6,000 frames were acquired with exposure times of 50 ms.
Data analysis
dSTORM data were analysed similar to Mattila et al, 2013 ; with MATLAB (The MathWorks, Natick, MA). Single-particle tracking data were analysed as described in Treanor et al, 2010 ; and confinement size was calculated as described in Mattila et al, 2013. Dual-view TIRF image sequences were analysed in MATLAB. Images were split into the two channels, and one of the channels was transformed using a 2D spatial transformation with bicubic interpolation. Reference images with multicoloured beads (TetraSpeck 0.2 lm, Life technologies) were used to infer the spatial transformation from reference points given by the bead positions. This transformation accounts for translation, rotation and different scaling between the two channels.
To identify regions of high actin content, TIRFM images were time-averaged over five frames to improve the signal to noise ratio and spatially band-pass filtered to retain features between 1 and 4 pixels. A binary image was then obtained by application of a threshold determined by Otsu's method (Otsu, 1979) . Regions above the threshold are used to identify areas of high actin content in the original image. After excluding a region of 10 pixel width around the cell edge from the analysis, this led to 20% of the remaining area identified as actin rich. Single-particle tracks, measured in the other channel, were then classified as being inside or outside actin-rich regions, depending on the region the tracks spend the more time in. For each position in each track, the actin intensity in an area of 9 pixels centred on the individual position was measured and The EMBO Journal CD22 organization and dynamics restrain BCR signalling Francesca Gasparrini et al compared the same number of random positions on the same cell. As actin intensities vary between the cells, the values from different cells were normalized so that the average intensity in the actin-rich regions corresponds to a value of one and the average for actin low regions corresponds to zero.
Cell stimulation and immunoblotting
Primary naïve B cells or A20 B cells were equilibrated in imaging buffer at 37°C for 10 min and then 5 lg/ml of anti-kappa antibody, 1 lM LatA, 10 lM CytoD or DMSO pre-warmed in PBS was added for the indicated time. Cells were lysed in 1% NP-40 buffer and analysed by SDS-PAGE followed by immunoblotting with indicated antibodies. Anti-phospho-Lyn (Y507), anti-phospho-ERK, antiphospho-Akt (Ser473), anti-phospho-Syk, anti-phospho-PLCc2, antiphospho-CD19, anti-phospho-SHP-1 and anti-ERK were all from Cell Signaling. Anti-phospho-CD22 (12a/CD22, p-Y822) was from BD Bioscience and rabbit anti-CD22 was from L. Nitschke, University of Erlangen, Erlangen, Germany. Anti-tubulin and anti-actin were purchased from Sigma. Goat anti-kappa was from Southern Biotech.
Flow cytometry
Staining was done using anti-IgM (R6-60.2), anti-IgD (11-26c), anti-CD19 (1D3 and 6D5), anti-CD22 (Cy43.1) or anti-B220 (RA3-6B2) antibodies conjugated with APC, FITC or PE, all from BD Bioscience. The counting of the number of BCRs, CD19 and CD22 was done as previously described (Mattila et al, 2013) . Briefly, receptor staining was done using PE-conjugated rat IgG2a antimouse monoclonal antibodies (11-26c for IgD, R6-60.2 for IgM, 1D3 for CD19 from BD Bioscience and clone 308501 for CD22 from R&D) and Quantum TM Simply Cellular Kit for standardization (Bangs Laboratories, Inc.) according to the manufacturer's instructions. For phosphoflow, the antibodies against phospho-ERK and phospho-Akt (Cell Signaling) were detected by Alexa 488-conjugated anti-rabbit IgG secondary antibody according to the Cell Signaling phosphoflow protocol. Intracellular actin staining was performed using Alexa Fluor 488 phalloidin (Molecular Probes). All data were collected on a LSR Fortessa flow cytometer (Becton Dickinson) and analysed using FlowJo software (TreeStar). , primary naïve B cells were preloaded with 3 lM Indo-1 AM (Molecular Probes, Invitrogen) in RPMI at 37°C for 30 min. After collecting a baseline reading for 25 s, 5 lg/ml of antikappa antibody, 1 lM LatA or DMSO was added to the cells in the presence or not of the inhibitors PP2 and BAY-3606, and the ratio of fluorescence (405/525 nm) was determined for 300 s on a LSR Fortessa flow cytometer (Becton Dickinson).
2D representation
The goal of the graphic 2D representation is to visualize the highdensity and clustered distribution of the molecules on the membrane. To this end, we generated an array in MATLAB that represents a 1,000 nm × 1,000 nm grid with 1-nm spacing. On this grid, molecules could be positioned on coordinates that are multiples of 10 nm, for example at x = 820 nm and y = 350 nm, but not x = 828 nm and y = 343 nm. The reason is that we wanted to rule out any overlap of molecules and that we set the diameter of IgD/M to be 10 nm and of CD22/19 to be 5 nm. The total numbers of receptors in the simulated 1,000 nm × 1,000 nm area are taken from the bead-based counting assay experiment in Fig 2: IgD: 1820, IgM: 250, CD19: 560, CD22: 410. In the first step, a number of cluster seeds for every molecular species are randomly placed onto the grid. The numbers of seeds were chosen to be:
IgD: 25, IgM: 20, CD19: 16, CD22: 12. Then, the remaining molecules of each species are placed onto the grid, each species having a fixed probability to attach to an existing cluster of the species. When all the positions of the molecules are determined, filled circles of 10 nm diameter (IgD/M) and 5 nm diameter (CD19/22) are drawn onto the 1,000 nm × 1,000 nm grid at these positions. For a random distribution of molecules as shown in Fig 4A , the probability of attachment is set to zero. To achieve distributions (Fig 4B and C) that resemble those observed via dSTORM, the probabilities of attachment were chosen to be:
IgD: 0.95, IgM: 0.5, CD19: 0.75, CD22: 0.92. These probabilities were found to generate clustered distributions that visually resemble those observed in dSTORM.
In silico model of receptor diffusion and area covered
The goal of this computational model is to compare the area covered by diffusing nanoclusters over time. It builds on the graphic 2D representation presented above. We concentrated on the coreceptor CD22 and the dominant isotype of the BCR; IgD.
Receptors were distributed as described above on a grid with 10-nm spacing and with side length of 3 lm. The resulting distribution of receptors was dilated (using MATLAB's imdilate function) to join neighbouring receptors and their connecting pixels into nanoclusters. These clusters were identified by the regionsprops function, which allows easy access to the coordinates of individual nanoclusters. This process also means that nanoclusters do not contain only receptors but also "free" connecting pixels between individual constituent molecules.
To visualize how these generated distributions of receptors would appear under the microscope using different technologies, the clusters were smeared further with a Gaussian-blur filter. The filter's sigma value was adjusted to account for approximately 30 nm (dSTORM) and 120 nm (SIM) localization precision.
In the dynamic part, nanoclusters could undergo unrestricted Brownian motion. For every nanocluster in every time step, a step length was calculated based on an exponential distribution of diffusion coefficients with a preset median diffusion coefficient. Such an exponential distribution best resembles the previously observed data, that is distributions of diffusion coefficients. In Fig 4, we chose to simulate speeds that spanned the spectrum of diffusion coefficients observed in our laboratory in single-particle tracking experiments, from 0.005 lm 2 /s (IgD) to 0.100 lm 2 /s (MHCII) (Treanor et al, 2010) . In every time step, the positions covered by nanoclusters were recorded and then summed cumulatively to represent the covered area over time. Nanocluster diffusion and area covered were analysed in a central square of 2 lm side length to minimize boundary Francesca Gasparrini et al CD22 organization and dynamics restrain BCR signalling The EMBO Journal effects. Seven runs were performed per condition, and the total running time was 1 s.
Statistical analysis
Sample sizes were chosen on the basis of published work in which similar phenotypical characterization and similar defects were reported. The sample size for diffusion analysis and confinement size were chosen as 300 and 100, respectively, to detect an effect size of 20% with power of 90%. For Hopkins index analysis, sample sizes were chosen to detect an effect size of 5% with power of 90%, and these calculations were performed using the MATLAB statistics toolbox. Cohort randomization or "blinding" of investigators to sample identity was not done in this study. In some experiments, the data for each study group were compared with Student's t-test and P-values were calculated. Normal distribution of samples was assumed on the basis of published studies with analysis similar to ours.
Code availability
The computer code for the simulations can be accessed by contacting the corresponding author.
Expanded View for this article is available online.
